The cellular prion protein (PrP") plays a crucial role in the pathogenesis of prion diseases, but its physiological function is far from understood. Several candidate functions have been proposed including binding and internalization of metal ions, a superoxide dismutase-like activity, regulation of cellular antioxidant activities, and signal transduction. The transmembrane (TM1) region of Prp c (residues 110-135) is particularly interesting because of its very high evolutionary conservation. We investigated a possible role ofTMl in the antioxidant defense, by assessing the impact of overexpressing wt-PrP or deletion mutants in N 2 A mouse neuroblastoma cells on intracellular reactive oxygen species (ROS) levels. Under conditions of oxidative stress, intracellular ROS levels were significantly lowered in cells overexpressing either wild-type PrP C (wtPrP) or a deletion mutant affecting TMl (b8TM1-PrP), but, as expected, not in cultures overexpressing a deletion mutant lacking the octapeptide region (bocta-PrP). Overexpression ofwt-PrP, b8TM1-PrP, or boctaPrP did not affect basal ROS levels. Interestingiy, the mitochondrial membrane potential was significantly lowered in bocta-PrP-transfected cultures in the absence of oxidative stress. We conclude that the protective effect of PrP" against oxidative stress involves the octarepeat region but not the TMl domain nor the highaffinity copper binding site described for human residues His96jHisll1.
Introduction
Transmissible spongiform encephalopathies (TSEs), also termed prion diseases, are neurodegenerative lethal diseases occurring in various mammalian species [1, 2] . TSEs are characterized by spongiform change, neuronal death, astrogliosis, and accumulation of a disease-associated, pathogenic isoform of prion protein (PrP), termed Prp Sc , which arises from a normal cellular isoform, termed PrPC, in a posttranslational process involving refolding [3] . Prp c is encoded by the PRNP gene on human chromosome 20 and mouse chromosome 2 [4, 5] . This gene is highly conserved during evolution [6] [7] [8] . The Prp c protein contains a long flexible amino terminal tail (amino acids [aa] 23-128) followed by three a-helices and two r:.-sheets [9] . Prp c contains an octarepeat region (amino acids 51-91) and a highly hydrophobic region also called transmembrane domain 1 (TM1) (aa Abbreviations: ""'Jr, mitochondrial membrane potential; BSO, buthionine sulfoximine; DMEM, Dulbecco's modified Eagle's medium; FACS, fluorescence-activated cell sorting; FCS, fetal calf serum; GP!, glycosyl-phosphatidyl-inositol; H 2 DCFDA, 2 ' ,7 ' -dichlorohydrofluorescein diacetate; N 2 A, mouse neuroblastoma cells; PBS, phosphatebuffered saline; PrP, prion protein; ROS, reactive oxygen species; RT, room temperature; SOD, superoxide dismutase; tBOOH, tert-butylhydroperoxide; TM, transmembrane; TMRE, tetramethylrhodamine ethyl ester perchlorate; TSE, transmissible spongiform encephalopathies. [21] , induction of or protection against apoptosis [22] [23] [24] , superoxide dismutase (SOD)-like activity [25] [26] [27] , and regulation of cellular antioxidant activities [28, 29] . The ability of PrPC to bind copper via its octarepeat region and via two independent histidine residues (human residues His96 and Hisl11 [corresponding to murine residues 95 and 110]) [30, 31] might play an important role in PrPC function(s). PrPC could act as a sensor for oxidative stress [29, [32] [33] [34] , and trigger intracellular anti-stress signaling events. As to the proposed SOD-like activity of Prpe [25, 26, 35] , it should be noted that other groups either have been unable to confirm this [27] or have proposed some indirect mechanism [36] . Interestingly recent work on stroke models has associated PrPC with a protective function [37] [38] [39] [40] [41] , which may well be related with the above-noted antioxidant activity.
Intriguingly there exists a clear link between transition-metal binding and neurodegenerative diseases, including prion diseases [42] . In some paradigms transition metal binding seems to protect against oxidation, in others to enhance it by disturbing free radical homeostasis [43, 44] .
The mitochondrial membrane potential (~'It) arises from proton translocation from the mitochondrial matrix to the mitochondrial intermembrane space through the electron transport chain.~'It reflects the mitochondrial activity of the cell. The major mitochondrial activity is, of course, ATP production, but mitochondria can also generate ROS by occasional escape of electrons from the respiratory chain. Hyperpolarization of the inner mitochondrial membrane (i.e., increased~'It) is known to facilitate ROS production, which in turn induces a decrease of~'It via the induction of uncoupling protein 2 (UCP2). Uncoupling proteins allow passage of protons through the inner mitochondrial membrane without ATP production, which leads to both deficiency in ATP formation and immediate lowering of mitochondrial production of ROS. The biological importance of this mechanism is highlighted by the fact that persistent overproduction of ROS will lead to calcium influx and cytochrome c release into the cytoplasm, thus triggering apoptosis [45, 46] . Based on this knowledge it was interesting to study if the antioxidant effect of PrPC is mediated by modulation of~'It and if TMl plays a role in such an effect. It should be noted that previous publications from the literature have reported conflicting results as to the role of PrPC on mitochondrial respiratory function [47] [48] [49] and therefore the situation was unclear.
The aim of the present study was to investigate a possible role of the highly conserved TMl domain of Prpe (i) in the cellular response to exogenous oxidative stress, (ii) in controlling endogenous ROS levels, and (iii) in modulation of mitochondrial membrane potential (~'It). We chose NzA mouse neuroblastoma cells as an experimental system, as these cells have extensively been used in research on Prp c and on prions. We transfected NzA cells with expression constructs either encoding wild-type (wt) mouse PrPC or with the deletion mutant PrP~114-121, carrying an 8-aa deletion in the TMl region of PrP [10] . In some of the experiments an expression plasmid encoding a PrP version lacking the octapeptide region was also used.
In order to assess cellular ROS levels we used 2 1 ,7 ' -dichlorohydrofluorescein diacetate (HzDCFDA) as a probe for quantitative analysis by flow cytometry (FACS) and tetramethylrhodamine ethyl ester perchlorate (TMRE) in order to monitor changes in~'It.
Experimental procedures

cDNA constructs
The expression plasmid pL15TK [50] (empty vector, used for mock transfections) was the basis for creatingpCMV-wtPrP [10] (henceforth termed wt-PrP) and pCMV-L:d14-121PrP [101 (henceforth termed 8TM1-PrP). Plasmid pcDNA3.1~43-91 (henceforth termed~octa PrP) was described before [51] . Plasmids pCR3-Thyl and pEGFP were used as controls.
Cell culture
The murine neuroblastoma cell line NzA and its subelones (H6, H12, D11, G9, and Fl) were cultured as described [52] . The human cervical carcinoma cell line HeLa was cultured in DMEM (Gibco, Karlsruhe, Germany), 10% FCS (Biochrom, Berlin, Germany), 1% L-gtutamine (Gibeo), 1% penicillin/streptomycin (Gibeo). A Casy counter Model IT (Scharfe System, Reutlingen, Germany) was used for automated determination of cell numbers and cell viability.
Transfection
NzA cells were transiently transfected using JetPEI reagent (Qbiogene, Illkirch, France) according to the manufacturer's instructions. Briefly NzA were seeded in 24-well plates. The next day, transfections were performed. One microgram of DNA dissolved in 50 j.tl of 150 mM Nael was combined with 2 j.tl JetPEI reagent prediluted in 50 j.tl of150 mM NaCl. The mixture was incubated 30 min at RT and then added onto cells dropwise.
Endogenous ROS and reaction to oxidative stress monitoring by FACS analysis
The use of HzDCFDA (Molecular Probes, Eugene, OR) as ROS staining and modified staining methods have been described by Sohn et aL [53] and Sauer et al. [54] . In order to set up the system, HzO z (Merck, Darmstadt, Germany), tert-butylhydroperoxide (tBOOH) (Fluka, Munich, Germany), or the GSH-depleting compound buthionine sulfoximine (BSO) (Sigma, Mlll1ich, Germany) was applied, as indicated, to increase intracellular ROS levels. In subsequent experiments addressing the effect of transfected PrP versions, only HzO z was used for the induction of oxidative stress. Briefly, 1 day posttransfection, medium was exchanged and cells were exposed or not to 100 j.IM copper chloride hydrate (Cuel z , Sigma) for 1 day. Then cells were washed with PBS lx and fresh medium was added. Cells were then treated with 15 j.IM 2 ' ,7 ' dichlorohydrofluorescein diacetate (Molecular Probes) in the presence or in absence of 3 mM hydrogen peroxide (HzO z , Merck, Darmstadt, Germany) for 30 min. The cells were washed with PBS and trypsinized. Then 100 j.tl FACS buffer was added and FACScan analysis was performed using a FACScan flow (Beckton Dickson Biosciences, MOlll1tain view, CA) equipped with Cell Quest version 3.3 software. Data analysis was performed using FlowJo 6.0 program (TreeStar, Asland, OR).
Mitochondrial membrane potential monitoring by FACS analysis
The use ofTMRE (Sigma) as a probe for mitochondrial membrane potential has been described by Nicholls and Ward [55] and Scaduto et al. [56] . Briefly, 1 day posttransfection, medium was exchanged and cells were exposed or not to 100 j.IM copper chloride hydrate (CuCb, Sigma) for 1 day. Then cells were washed with PBS 1x and fresh medium was added. Cells were treated with 4 j.tM TMRE for 15 min. Cells were washed with PBS, trypsinized, and resuspended in 100 j.tl FACS buffer. Then FACScan analysis was performed.
Statistics and normalization Each individual experiment was done at least in duplicates, and the mean values yielded the respective experimental data point of the day, to be used for further statistical analysis of the experiments performed independently on different days.
Crude data of transfected NzA were normalized as follows: The mean values from all untreated mock samples were set to 100%. All other data were expressed as percentage compared to the mock value of the same day. Student's t test was performed on FACS results by using Analyse-It software (Analyse-it Software Ltd., Leeds, UK). P<0.05 was considered statistically significant.
Results
Endogenous ROS level after oxidant treatment of N 2 A, N 2 A subclones, and HeLa cells
In order to investigate the contribution of the TMl domain of Prp c to the physiological role(s) of this protein, N 2 A cells were transfected with expression constructs for wt-PrP or~8TM1-PrP. The empty vector plasmid served as a control. In the transfected cultures, intracellular ROS levels in response to oxidative stress; endogenous ROS levels; and mitochondrial membrane potential (~'l') were assessed.
H 2 DCFDA, which permits monitoring of the ROS level, was used as a probe, and its fluorescent intensity was measured by flow cytometry. In order to set up the system, gating of live cells and staining of unstressed cells with H 2 DCFDA was performed ( 
H2DCFDAstaining
H2DCFDAstaining + drug compound buthionine sulfoximine. In all three cases a similar shift to the right (i.e., increase of ROS) was observed (Fig. lB) , as expected, thus validating our read out system. All subsequent experiments were done with HzO z . Further analyses on randomly picked subclones of NzA [56] as well as on HeLa cells (human cervical carcinoma) revealed that the double peak observed in Fig. 1B in the presence of HzDCFDA and oxidants is due to some heterogeneity in the NzAcell population. While HeLa cells showed a single peak ( Fig. 2A) , NzA subclones (Figs. 2B-F) showed varying patterns. For the subsequent experiments NzA mass cultures were used.
Effect of copper treatment on endogenous ROS levels in N 2 A cells overexpressing wt-Prp, L18TMI-Prp, or L1octa-PrP
Because PrPC can bind copper it was interesting to investigate the possible influence of copper on the oxidative stress response in PrPCoverexpressing NzA cells. Transfected NzA cells were treated with copper (100 j.tM CuCb) for 1 day followed by washing, fluorescent staining with HzDCFDA, HzO z exposure, and FACS analysis. The experiments were repeated independently and the results are expressed as a percentage of DCF intensity for mock-transfected cells in the absence of copper treatment (Fig. 3C) . The data show that, once again, the ROS level present in wt-PrP and~81Ml-PrP-overexpressing cells is significantly reduced compared to mock-transfected cells (P== 0.003 and P==0.04, respectively). By contrast, cells overexpressing~octa-PrP did not show any change in ROS levels under these conditions. After copper treatment the ROS level in mock-transfected cells showed only a tendency toward increase (P==0.058). In wt-PrP and 8TM1-PrP-overexpressing cells, however, copper treatment induced a significant increase of ROS (P==0.046 for wt-PrP compared to mock; P== 0.012 for the comparison between wt-PrP with and without copper treatment; P== 0.021 for the comparison between~8TM1-PrPwith and without copper treatment). By contrast, copper treatment had no significant effect on~octa-PrP-overexpressing cells.
Impact of overexpression ofwt-PrP or L18TMI-PrP on ROS levels in N 2 A cells exposed to exogenous hydrogen peroxide
In order to investigate the possible influence of overexpressing the above PrP versions on endogenous ROS in NzA cells with or without copper treatment, the same experiments were performed in the absence of exogenous HzO z . Here, no statistically significant differences could be observed (Fig. 4B) .
As we performed transient transfections assays, a green fluorescent protein (GFP) construct was used to assess transfection efficiency. Routinely, about 60% of cells were GFP positive (data not shown). In addition, Western blots revealed very similar amounts of the various overexpressed PrP versions in transfected cells (Fig. Sl) .
In order to compare the impact of~8TM1-PrP with wt-PrP on intracellular ROS levels under conditions of oxidative stress, cells were transfected with the respective PrP constructs and analyzed for ROS levels 24 h later. ROS levels were measured after exposure of the cells to HzO z added directly to the medium in the presence of HzDCFDA. Our data showed that ROS levels were significantly lower both in wtPrP and in~8TM1-PrP-overexpressing cells compared to mock transfection (Figs. 3A and B) , which indicates that both PrP versions exerted an antioxidant effect.
One possible explanation for such antioxidant effects could be a SOD-like activity ofPrP or some change in upstream events controlling ROS levels. We therefore used a colorimetric test based on competition and xanthine/xanthine oxidase in NzA cells overexpressing wt-PrP or 8TM1-PrP. No difference, however, was observed among mock, wtPrP, and~8TM1-PrP-transfected cells in this system (data not shown), thus pointing to the relevance of other mechanisms. We also investigated the influence of copper on~'It in NzA cells overexpressing various PrP versions. Transfected NzA cells were treated with copper for 1 day, followed by washing, fluorescent staining with TMRE, and FACS analysis. Our data revealed that copper treatment induced a significant decrease of~'It in mock, wt-PrP, 
Effect of copper treatment after
WT-PrP 8TM1-PrP, and~octa-PrP-transfected cells (P== 0.028 for mock, P==0.041 for wt-PrP, P==0.036 for~8TM1-PrP, and P==0.027 for~octa PrP compared to mock without copper treatment; Fig. 5B) . A possible explanation for this reduction of~'It could be copper toxicity. However, neither microscopic inspection nor automated viability testing (Fig. 6) revealed any difference between any of the transfected cultures in the presence or absence of copper.
Interestingly~octa-PrP-overexpressing cells showed a~'It pattern different from that of mock-transfected cells, in that~octa-PrP overexpression significantly decreased~'It even without copper treatment compared to mock-transfected cells (P== 0.029) .
In order to exclude any nonspecific effects due to overexpression of proteins carrying a CPI anchor, NzA cells were transfected with a Thy-1 expression construct. Thy-1 is a CPI-anchored protein commonly used as a control for CPI-anchorage effects. Experiments to assess~'It, endogenous ROS, and the reaction to oxidative stress experiments did not show any difference between mock and Thy-1-transfected cells (data not shown). Therefore the effects observed with wt-PrP,~8TM1 PrP and~octa-PrP apparently cannot be interpreted as a nonspecific consequence of overexpressing CPI-anchored proteins.
Discussion
In the present work, we studied the effects a partial deletion of the highly conserved transmembrane-1 (TM1) domain of Prp c on the antioxidant effect of the protein. Our experimental strategy was to perform transient transfection assays in mouse NzA, neuroblastoma cells to study the effects of overexpression of the deletion mutant~8TM1 PrP, in comparison with wild-type PrPC, on intracellular ROS levels. We did this lll1der both basal and oxidative stress conditions. Since PrPC can bind copper ions and this transition metal plays important roles both in oxidative stress induction and in ROS detoxification, the experiments were performed with or without pretreatment with exogenously added copper, respectively. For the same reason we also included in some of the experiments~octa-PrP, a mutant with a deletion of the octarepeat region, where much of the copper binding occurs. Finally we monitored 'It in the transfected cultures in the presence or absence of copper. We opted for using transient transfections rather than establishing stably transfected cells, which has a major advantage of avoiding the risk of artifacts based on clonal effects. On the other hand only a proportion of the cells in the transfected culture are reached, in our case about 60% as assessed with a CFP expression plasmid. As revealed by Western blots, the overall level of expression of the transfected PrP versions was comparable (Fig. 51) . It is important to note that expression of the transfected gene only in about two-thirds of the cell population only will, of course, diminish the apparent biological effect of the transgene (i.e., inhibition of ROS formation) in the total population of cells analyzed by flow cytometry. This is reflected by the rather low amplitude of the statistically significant effects described in this paper. :::: 
No CuCl Our data showed a significant decrease of intracellular ROS levels after oxidative stress in cells overexpressing either wt-PrP or~8TM1 PrP (Figs. 3A and B) . While an antioxidant role ofwt-Prpe has already been described, our results provide new information for~8TM1-PrP. By contrast, we observed no significant protective effect in~octa-PrP overexpressing cultures, in perfect agreement with previously published data [57] . Interestingly a very recent publication described the antioxidant protection of human SH-SY5Y neuroblastoma cells against toxicity of the oxidant agent paraquat by overexpression ofwtPrp c but not~octa-PrP [58] . The parameters measured were cell viability, loss of membrane integrity, and mitochondrial bioenergetics. While these authors used a different cellular system, a different oxidant agent and different biological readouts, these data and our own data shown here on~octa-PrP are fully compatible and complementary.
The protective effect ofwt-PrP or~8TM1-PrP overexpression was apparently lost after copper pretreatment followed by exposure to HzO z .This may be due to some generally increased biological variation of our results obtained after copper treatment (Fig. 3C) . A possible explanation for the latter observation is the fact that HzO z exposure of cells preloaded with copper is likely to elicit the formation of large amounts of hydroxyl radicals through the interaction of HzO z and copper, enabling Fenton chemistry. This notion is fully consistent with the increased DCF signal observed in all cases of copper pretreatment combined with HzO z challenge (Fig. 3C ). Small differences in the uptake of one or both interaction partners, i.e., copper and/or HzO z , or their intracellular metabolism may therefore well translate into the A possible explanation for PrP's protective effect against oxidative stress (Figs. 3A and B) could be some SOD-like activity, as proposed by Brown and colleagues [25, 26] . In our system, however, no enhanced SOD activity was detected in wt-PrP or~8TM1-PrP-transfectedNzA (data not shown), in agreement with data from the literature [27] .
Interestingly, overexpression ofwt-PrP,~8TM1-PrP, or~octa-PrP did not decrease basal ROS levels (Fig. 4B) . Furthermore, copper treatment had no impact on the basal ROS level in cultures overexpressing any of the three PrP versions (Fig. 4B) . Viewed together with the antioxidant effect of PrPC under conditions of oxidative stress this observation points to some role of the protein in the acute signaling of oxidative stress, rather than a constitutive antioxidant function.
Because of the close relationship between ROS formation and the mitochondrial respiratory chain [59] , we compared~'It in mocktransfected cultures with that of PrP-wt,~8TM1, or~octa-over expressing cultures (Fig. 5B) . Neither wt-PrP nor~8TM1-PrP-over expressing cultures showed any alteration in~'It compared to mocktransfected cultures. By contrast~octa-PrP-transfectedcells showed a statistically significant decrease of~'It. In all cases,~'It decreased significantly after copper treatment, which was apparently not due to copper-induced cytotoxicity (Fig. 6) .
The decrease of~'It in~octa-PrP-transfected cultures is a novel and unexpected finding. The underlying mechanisms are unknown, and it will be interesting to follow these up in future work. For the interpretation of the present data, however, it is clear that this decrease of~'It did not translate into lower levels of basal (Fig. 4B) or oxidative stress-induced ROS (Fig. 3C) , as one might have presumed.
In summary, the protective effect of PrPC against oxidative stress involves the octarepeat region but not the highly conserved TM1 domain nor the high-affinity copper binding site at human residues His96jHis111 (corresponding to murine residues 95j110), which are both present in the~octa-PrP mutant. While it is attractive to hypothesize that the primordial physiological function of Prp c is in antioxidant defense, this view is not supported by our present data showing that the most highly conserved region of Prp c is apparently not involved in this function. Therefore other known or suspected functions of Prp c deserve increased scrutiny.
